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Introduction
Tissue engineering (TE) procedures often require the use of a porous scaffold, which can be used as a threedimensional device for initial cell attachment and subsequent tissue formation both in vitro and in vivo [1] . Scaffold design and fabrication of well-controlled structures and cell instruction functions, are key factors in scaffold-based 3D structures as they dictate their success and eventual application in the medical field. Several techniques have been proposed to fabricate such kind of devices [2, 3] . Considering all the types of available processing techniques, 3D printing is highlighted for allowing layer-by-layer fabrication of 3D scaffolds from computer-assisted designs [4] . Scaffolds can be printed with patient customized-shape, with high cell ingrowth capability, appropriate pore interconnectivity, highly controlled internal geometry and more recently fabricated using bioinks containing cells [5] [6] [7] [8] . 3D printing is the ideal tool for creating scaffolds with tuned structural and mechanical properties. Several 3D printing techniques have been reported in the biomedical field such as stereolithography [9, 10] , selective laser sintering [11, 12] , fused deposition modeling [13, 14] and a variety of specific systems for 3D bioprinting [15] [16] [17] . Thus, the development of scaffolds that mimic the architecture of tissue is one of the major challenges in the field of TE in the last 15 years [18] . The control of the molecular weight and the configuration of the pore geometry offer great potential for manipulation of mechanical behavior of 3D printed PCL scaffolds [19] . Despite the large amount of work developed that has been reported in the biomedical field [20] [21] [22] , there is still a lack of knowledge on the behavior of those structures under mechanical compressive load and how that load affects the microarchitecture of the scaffold. When designing a new scaffold, the behavior of the internal structure upon loading should be studied and adequate to the final biomedical application. With this purpose, new devices have been developed, envisioning the dynamic assessment of 3D fracture properties, combining mechanical compression tests and micro computerized tomography imaging (micro-CT), and known as XtremeCT devices. This type of device is characterized for being compatible with non-invasive techniques, being a combination of stepwise microcompression and time-lapsed micro-CT. These devices have precision and accuracy similar to conventional mechanical testing methods. Currently, the main devices found in the literature are: (i) the image-guided failure assessment (IGFA) device -micro-compression device [23] ; (ii) the loading device for compression and tension testing design by Hulme PA [24] ; (iii) the IGFA device designed by Mueller [25] ; (iv) the skyscan material testing stage [26] . Some of the XtremeCT devices allow a continuous deformation simultaneously to the image acquisition, however these systems are expensive and consequently difficult to access. The present study, addresses the design and fabrication of an alternative XtremeCT device for compression tests that could be affordable and simple to use in combination with most of the micro-CTs in order to access and understand the mechanical behavior and structural evolution of scaffolds. The proof of concept of our designed device was demonstrated by evaluating and monitoring morphometric features (porosity and pore size) of 3D printed PCL scaffolds with different struts alignment (90°, 90°with offset and 45°) at different compressive strains (0%, 5%, 15% and 30%). The 3D architectures were evaluated by scanning electron microscopy (SEM), micro-CT and uniaxial mechanical tests.
Finite element approach (FEA) is capable of predicting the mechanical behavior of complex structures like 3D scaffolds if an adequate mesh density is considered [27] [28] [29] . Therefore, the study of the effect of the applied load on the structural behavior of the different scaffolds was complemented with a FEA and compared with the conventional uniaxial mechanical tests. The use of effective scaffold assessment techniques is advantageous at the initial stages of research and development to select or design scaffolds with suitable properties for a specific application in the biomedical field. The combination of cost-effective Xtreme CT devices and FEA are expected to contribute more in the understanding and optimization of the behavior of complex 3D structures under mechanical loads.
Materials and methods

Scaffolds design and fabrication
Poly(ε-caprolactone) was bought from Sigma-Aldrich (UK) with an average M n between 70 000 and 90 000. PCL granules were introduced in a metal cartridge that was further placed in the high temperature head at 160°C to guarantee the complete polymer melting. Allocated to the head it was used a stainless steel hypodermic needle of 18G to deposit the strands. 3D PCL scaffolds were produced according to three different internal strut orientation (A-90°, B-45°and C-90°with offset) using the 3D Bioplotter TM 4th generation (EnvisionTEC GmbH, Germany) presented in the scheme of figure 1.
The 3D objects were set with a layer thickness of 640 μm and with a strand spacing of 1.5 mm. The architecture A was produced by the consecutive deposition of 2D layers, in which layer N was plotted orthogonally (performing an angle of 90°) to layer N-1, and was plotted in the same relative position of layer N-2. The architecture B was produced by the consecutive deposition of 2D layers, in which layer N was plotted diagonally (performing an angle of 45°) to layer N-1, and was plotted in the same relative position of layer N-4. The architecture C was similar to A, with exception of layer N being plotted with an offset distance of 0.75 mm relatively to the position of the layer N-2. The selected nozzle comprised a stainless steel needle with an internal diameter of 0.760 mm and a length of 6 mm. Compressed air pressure was set at 5.3 bar and the print speed was 3.6-3.8 mm s −1 . The final scaffolds were obtained by cutting with a bistoury the plotted structures into smaller samples (@5×7×7 mm 3 ), and stored in polyethylene bags at ambient conditions prior to further tests.
Scaffolds characterization 2.2.1. Scanning electron microscopy (SEM)
The morphological characterization of the PCL scaffolds was performed using high-resolution emission SEM Auriga Compact, Zeiss. The samples were precoated with a conductive layer of sputtered gold in a sputter coater (EM ACE600, Leica). The SEM micrographs were taken at an accelerating voltage of 5.0 and 15.0 kV and at different magnifications.
Mechanical analysis
The mechanical properties of the PCL scaffolds with dimensions (5×7×7 mm 3 ) were determined using a universal mechanical testing machine INSTRON 5543 under uniaxial compression mode, equipped with a 1 kN load cell, at 1 mm min −1 . At least seven samples per condition were tested up to three different strains of 5%, 15% and 30%. In order to diminish the eventual error associated with the specimen dimension, the strength and modulus of each scaffold was normalized by the density of the specimens, as displayed in the following equation (1): 
. Theoretical porosity: geometry
The theoretical porosity the 3D printed scaffolds with the 3 above mentioned internal structure was estimated. The equations presented in supplementary information (S1) is available online at stacks.iop.org/ BF/0/000000/mmedia consider the contact between the struts of the different layers to be only superficial and the struts to be cylindrical volumes. Therefore, it is expected that the actual porosity can be slightly lower than the one determined theoretically.
Indirect porosity: densities
The porosity of the 3D printed PCL scaffolds was evaluated, using the following methodology: (i) measurement of the weight and volume (by measuring the width, length and height) of each sample; (ii) determination of the apparent density of the PCL scaffolds, and (iii) application the following equation:
where r is the apparent density of the cellular structure (scaffold) and r b is the density of the bulk substance for PCL, r = -1.145 g cm , b
3 [30, 31] . Seven 3D PCL samples were measured for each group of architecture and for each percentage of strain (%).
XtremeCT device
We developed a device to be combined with micro-CT equipment to study changes in the mechanical properties and structure of the 3D printing PCL scaffolds controlled upon compressive strains as showed in scheme of figure 2. The device comprises a chamber made of poly(methyl methacrylate) that maintains the scaffold under a constant strain (3). It is composed by a small plate made of teflon where it is directly applied the displacement to deform the scaffold (2), and has a conical geometry to avoid the friction and torsion of the scaffold. The load or strain applied to the scaffold is controlled adjusting the rotation angle of the top screw (1).
Micro-computerized tomography
The microstructure of the 3D PCL scaffolds with different internal strut organization (90°, 45°and 90°w ith offset), loaded and unloaded, was qualitatively and quantitatively evaluated by micro-CT analysis using a Skyscan 1272, Bruker, EUA. Three loaded samples per architecture were previously compressed at different strains of 5%, 15% and 30% in an Instron equipment. The samples were then inserted in the designed XtremeCT device under a constant straindriven compression, and immediately attached in the micro-CT to perform the standard image acquisition, 2D and 3D analysis. Note that this equipment also allows the direct deformation of the sample by controlling the rotation of the screw. The device is also prepared to include liquids in the chamber under compression. The XtremeCT system was inserted in the micro-CT chamber and the normal technique procedure was performed with a voxel size of 18 μm and image size of 1224×1224 pixels. The x-ray source was 60 kV and 166 μA and a rotation step of 0.6°. The isotropic slice data was obtained by the system and reconstructed into 2D xy slice images. The images were compiled and subsequently render to 3D xyz images to obtain sections of the gray images of the scaffold using NRecon software (v. 1.6.10). The gray images were converted to binary images and the entire scaffold area (including structural pores, but not eventual smaller pores in the struts) was included in the area/volume of interest for the analysis of the morphometric parameters such as pore size, trabecular thickness, porosity of the scaffolds, were analyzed using the CTAn software (v. 1.16).
Finite element (FE) simulations
This method consisted in creating large-scale FE meshes by directly meshing voxel datasets from micro-CT scans thereby capturing any fabrication feature in the resolution range of the CT scan. The starting Bitmaps images were converted to binary images by segmentation to remove the empty spaces. These images were uploaded into a home-developed software, VCAD, under a research project [32] , in order to perform a 3D reconstruction and create 3D voxelised structure, which was then used in the 3D FE mesh generation. The 3D FE mesh generation procedure was based on a two-step algorithm: firstly, and using a home-developed software, vcat2tets, from the 3D voxelised data we generated a very dense and regular four-node tetrahedral FE mesh with good dihedral angles; secondly, the large-scale tetrahedral FE mesh (high density of FE) was then simplified using a second homemade software, simptets. The procedure allowed simplifying the FE mesh by successive edge collapsing until attaining a more reasonable FE mesh size. It is worth mentioning that such procedure preserves the geometric features of the boundaries, as well as the quality of the FE.
Statistical analysis
The results were presented as a mean±standard deviation. Statistical analysis was made using one-way and two-way ANOVA followed by Turkey test using Graph-Pad Prism 6.0. Statistical significance is presented as ns: p>0.05, * : p<0.05, ** : p<0.01, *** : p<0.001.
Results and discussion
Three dimensional printed PCL scaffolds
We evaluated the effect of struts architecture on both mechanical performance and porosity of the 3D printed scaffolds. Figure 3 shows the SEM micrographs of the three different unloaded architectures 90°, 45°, and 90°with offset, being clear the homogeneity throughout the scaffold. The surface topography of the PCL scaffolds was smooth and the constructs presented a well-defined internal geometry and uniform pore distribution. Similar smooth surfaces and structure, and fully interconnected pore were also reported in other studies [33, 34] , using additive manufacturing. A good adhesion was obtained between adjacent layers, as shown in the magnification of the inset micrograph of figure 3 for the top view of the 45°architecture. This behavior was already reported in a previous study [34] using this type of PCL scaffolds, where it was observed the junction between orthogonal fibers. In order to assess the accuracy of the 3D printing, the fidelity of the struts was determined by comparing the diameter, separation and distance measured by SEM with their respective theoretical ones as depicted in table 1. The theoretical strut diameter was considered the same of the internal nozzle diameter while the remaining others were features defined while programming the layers.
Some deviations on the strut diameter and distance between layers could be detected. Nonetheless, the alignment and the dimensional features of the struts were reliable and showed fidelity between 95.0% up to 99.8% for all PCL scaffolds. In general, this 3D printed PCL scaffolds showed a very high level of fidelity and consequently showed a low error in the final geometry.
Mechanical properties
The mechanical behavior of the three studied PCL scaffold architectures was experimentally characterized using a uniaxial compression tests. The representative stress-strain curves of the experimental characterization up to a compressive strain of about 60% are displayed on figure 4 .
The curves were characterized by the commonly observed [35, 36] initial linear region which suggested an initial elastic response. Then, at 10%-15% of compressive strain, the hardening rate progressively decreased up to around 35%-40% of compressive strain, after which the slope of the curves started to increase again, corresponding to the densification of the scaffold architecture. These results evidenced that the higher compressive modulus and strength was displayed by the 90°architecture scaffold when comparing with the 45°and the offset geometries, being the last the weaker one. The results support the idea that varying the geometrical configuration of the 3D architecture changes the mechanical behavior has reported previous works [19, 37] . Taken into account that the material and main filament geometric specifications were the same between scaffolds, any differences in terms of the scaffolds mechanical behavior should be the result on the 3D spatial organization of the filaments on the scaffold. Thus, by playing with the scaffold structure it was possible to adjust considerably the mechanical behavior of the 3D PCL scaffolds under compression. The mechanical properties displayed in figures 4(B) and (C) were obtained by normalizing the compressive modulus and compressive strength with the density of each scaffold. As expected under compression, the specific strength values for each architecture increases with the increasing of the applied strain. The statistical analysis confirmed that the 90°architecture to be slightly higher in terms of specific modulus and specific strength than the other architectures, being in agreement with the representative compressive stressstrain curves.
Monitoring morphometric features with loading
The major goals of this study were: (i) the development of a micro-mechanical compression device for the in-deep morphometric characterization of unloaded or loaded samples with micro-CT and, simultaneously, (ii) to use this device as a standard tool for studying scaffold failure well beyond the failure region (up to 30% strain). Thus, a new versatile and cost-effective device was designed and tested: see the developed XtremeCT device in figure 2 . First, the microstruture of the bare 3D scaffolds was evaluated for their porosity, at an initial stage (0% strain), using three different methods: (i) theoretical calculations; (ii) indirect calculations (using the PCL scaffolds density and the bulk density of PCL); (iii) and by micro-CT analysis. The obtained porosities were in the range of 40% up to 70% as indicated in table 2.
Depending on the fiber orientation within the construct, the porosities of the 3D printed PCL scaffolds were in the range of 50%-70%, similarly to what has been reported by our research group in previous works [6, 38] . As expected, it was observed that the pores were well interconnected throughout the whole structure. The porosity depended on the type of scaffolds and also slightly on the method used for the calculation as indicated in supplementary information (S1). Nonetheless, the total porosity obtained by micro-CT was in accordance to those obtained experimentally and corroborated the results of previous studies [39] [40] [41] . However, the theoretical values tended to be little over-estimated. For the calculations, the geometrical features needed to be fixed, such as the fiber diameter and the layer thickness. The fiber diameter was consider to be the same value of the needle internal diameter, however, table 1 shows that they actually tended to be 1%-5% less. Similar trend could be observed to the strut separation. Moreover, some natural and partial overlap occurs between the fibers of subjacent layers during the printing, making the actual layer thickness lower than the theoretical value considered (inner needle diameter). All this small differences have contributed for a slightly over-estimation once the actual volume is lower than the theoretical one.
The morphometric results including porosity and pore size can be seen in figures 5 and 6. Figures 5(A) and (B) shows that both analysis presented a similar trend even though the Xtreme CT values tend to be slightly lower than the ones obtained from indirect analysis. This monitoring showed that the porosity of the PCL scaffolds behaved differently depending on the internal architecture of the struts. While the 90°showed that between 0% and 30% strain the total porosity was quite stable, the 45°and 90°with offset showed notable shifts. Those two architectures presented distinct behaviors in both analyses, especially at 5% and 15% strain. In the linear region of the compression test at 5% strain, the porosity was higher in the scaffold of 45°and lower in the one of 90°with offset. At 15% strain the opposite shift was observed. At 30% strain, the porosity turned high again in the scaffold 45°and smaller in the scaffold 90°with offset. On the other hand, the scaffolds with a 90°architecture presented a constant behavior over the entire range of applied strains. In this type of scaffold, the pores in the layers were never overlapped with a strut. Therefore, with the scaffold compaction, the pores were not completely closed and the porosity has not significantly changed. It was not possible to see the decrease of porosity because the effect of compression only happens from 40% strain as represented in figure 4(A) .
Considering the absence of correlation between the compressive modulus and structure thickness in polymer scaffolds described in other studies [39, 40] , it was decided to perform a correlation between the indirect and micro-CT porosity. A linear correlation is observed between them and was directly related with a slope of nearly 1, R 2 =0.79 as shown in figure 5(C) . The linear regression fit did not cross through the origin, illustrating that the micro-CT porosity is steadily 13% less than the indirect porosity for 3D PCL scaffolds. Based on previous studies reporting 3D scaffolds [34, 42] , the observed porosity was consistently between 10% and 30% less than the indirect porosity for porous scaffolds. Considering the dashed line, that shows the expected match between these two types of measurements, the values obtained by indirect analysis were slightly higher than the ones obtained with micro-CT analysis. While porosity can be obtained by indirect methods, as discussed before, any other internal morphometric features of the scaffolds can be monitored without direct observation. Using the Xtre-meCT device, one could also analyze and monitor in situ details along the spatial position with the applied strain, such as, pore size variation with strain, strut thickness variation with strain and porosity variation with scaffold thickness. Figure 6 shows representative curves of the variation of pore size from top to bottom of the unloaded and compressed scaffolds.
The lines in figure 6 showed an expected periodic behavior. The superposition of one layer with the subsequent layer, under strain, should in general lead to a decrease in the pore sizes in the z direction and an increase of the pores in the xy direction due to the Poisson coefficient effect. Applying higher strain to the scaffolds can induce geometrical changes resulting in different variations of the pore size: (i) packing of the layers (leading to an approximation of the sine-like curves) and consequently increasing the content of struts in the same layer and decreasing pore size, namely: (ii) simultaneous lateral enlargement of the layers hiding the effect of pore size decrease; (iii) nonhomogenous sliding of the struts changing the pore size (i.e. above or below).
In all architectures, micro-CT acquisition allowed to achieve a very high-spatial resolution, according to the designed pore sizes, capable of minimizing partial volume effects [43, 44] . The results from the monitoring in figure 6 revealed that the scaffold with the alignment of 90°, with and without offset, presented clear changes in pore size with the increase of strain. The pore size tended to decrease with the increase of deformation. On the other hand, the scaffold with 45°of alignment has not shown noticeable variations in pore size with the strain, despite the effect in the porosity. This suggested that the struts could be sliding much more and the width/length could be increase higher with the deformation much more when printed with the alignment of 45°. 
Finite element analysis
The procedure and software pipeline followed to generate the 3D FE models to be used in finite element analysis is schematically described in figure 7 .
The used approach followed a logical order, i.e.: (i) denoising, smoothing and segmentation of the micro-CT images; (ii) domain 3D reconstruction: voxelized data; (iii) 3D FE mesh generation: vcat2tets-from 3D voxelized data to a very dense tetrahedral FE mesh; (iv) 3D FE mesh simplification and optimization: simptets -simplification of the initially dense tetrahedral FE mesh (a brief summary of the sizes-number of nodes and number of tetrahedral-of the final FE meshes is shown in table 3); and (v) optimization and artifacts removal of the final 3D FE mesh for finite element analysis.
Considering the 3D FE meshes displayed at 15% compressive strain, shown on the 3rd column of figure 8 , where are displayed the isovalues of the von Mises equivalent stress, it was observed that the range of those isovalues were comprised between 0 and 30 MPa. Besides, it was also clear the non-uniformity of the equivalent stress field throughout the scaffolds. Other deformed FE meshes for different levels of compressive strains, presented in supplementary information (S2), displayed higher effect of the compressive load response for higher strains. Regarding the color spectrum, it was observed that the 45°architecture were the structure more affected, resulting in layers under higher strains. Thus, this architecture denoted higher stresses under compressive load in comparison with the other two scaffold geometries, in accordance with experimental mechanical results.
Comparison of experimental and numerical results
Numerical simulations of the uniaxial compressive loading test were carried out with a fully implicit elastoplastic home-developed FE solver [45] . The PCL material was assumed to behave linear elastic and fully isotropic. The PCLs elastoplastic mechanical properties adopted on the numerical simulations were: (i) Young's modulus=307.5 MPa; (ii) Poisson ratio=0.3; (iii) yield strength=11.4 MPa; and (iv) ultimate strength=38.7 MPa. Such values of the mechanical properties are bulk properties taken from the literature [46, 47] . All numerical simulations were carried out with the tetrahedral FE meshes previously described. Boundary conditions were imposed in order to mimic the experimental setup.
Contact with low friction (due to teflon) was considered between the sample and the tools numerically modeled by Nagata patches, with a friction coefficient of 0.05 [48] . Figure 9 shows a comparison between experimental and numerical results of the uniaxial compressive loading tests for each scaffold architecture. Good agreement was observed between experimental and numerical results in the case of 90°and 90°with offset scaffolds, mostly in elastic regime. Comparing the present work with other reported studies [39, 46, 47, 49] , this approach was considered reliable since similar results using 90°and 90°with offset 3D scaffolds were accomplished as shown in figures 9(A), (C). On the other hand, for the 45°architecture scaffolds, the numerical results slightly over predicted the experimental ones.
However, the FE model still predicted a curve with a similar behavior, i.e., there was a clear elastic region with higher modulus and, after, a plastic behavior region where full recovery of the architecture was irreversible as indicated in figure 9(B) . For better comprehension and validation, the compressive modulus was calculated, given that they provide a better and more objective comparison between experimental and numerical results.
Thus, comparing experimentally and numerically compressive modulus showed the three architectures to be quite similar as presented in figure 9 (D). The results clearly showed that this approach can be successfully used to determine the scaffolds mechanical performance before physical testing, supporting the design and advanced analysis.
Conclusions
This study presents a new device for a controlled evaluation of the local displacements, strains and porosities in 3D printed scaffolds with different architectures considering all the detail information obtained in two new methodologies: (i) mechanical tests combine with micro-CT analysis (XtremeCT device); (ii) and micro-CT analysis combine with finite element analysis. The PCL scaffolds fabricated via 3D printing possessed appropriated mechanical properties suggesting that they may have the ability of withstand early functional loading in biomedical applications. Between the 3 architectures investigated, we concluded, that the 90°architecture presented higher stiffness under uniaxial compression load. SEM analysis confirmed the fidelity of produced 3D PCL scaffolds with Biolplotter TM . XtremeCT device allowed to study the porosity and other morphometric features of PCL scaffolds with three different architectures at different strains (5%, 15% and 30%). The 90°a nd 90°with offset scaffolds showed similar values of porosity (%) and pore size at different strain (%), while, the 45°orientation has varied. FEA was successfully applied to predict the mechanical behavior of the 3D PCL scaffolds with different internal structures. The mechanical properties were predictable in most of the cases, and the areas more affected by the compression load could be clearly visualized. Simple devices such as the developed XtremeCT combined with finite element methods are an effective approach allowing the study, optimization and understanding of the mechanical behavior of the scaffolds with different internal geometry. Such tools could be effective in designing optimized porous scaffolds to be used in tissue engineering applications. Figure 8 . Initial very dense FE meshes (1st column), simplified FE meshes (2nd column) and deformed FE meshes corresponding to 15% of compressive strain (3rd column), for the three struts studied: 90°, 45°and 90°with offset scaffolds.
